To investigate the effects of hypoxic exercise training on microRNA (miRNA) expression and the role of miRNA expression in regulating lipid metabolism, 20 dietary-induced obese SD rats were divided into a normoxic sedentary group (N, n=10) and a hypoxic exercise training group (H, n=10). After four weeks, measurements were taken of body weight, body length, fat mass, serum lipid concentration, miRNAs differentially expressed in rat liver, and gene and protein expression levels of peroxisome proliferator activated receptor α (PPARα), fatty acid synthetase (FAS), and carnitine palmitoyl transferase 1A (CPT1A) in rat liver. Body weight, Lee's index, fat mass, fat/weight ratio, and serum levels of total cholesterol (TC) and high density lipoprotein cholesterol (HDL-C) were all significantly lower in the H group than in the N group (P<0.01). Six miRNAs expressed significantly differently in the liver (P<0.05). Specifically, expression levels of miR-378b were significantly lower in the H group than in the N group (P<0.05). Compared with the normoxic sedentary group, hypoxic exercise training resulted in a lower ratio of FAS mRNA to CPT1A mRNA (P<0.05), as well as lower CPT1A protein levels (P<0.01), while a higher ratio of FAS to CPT1A protein levels (P<0.01) was observed. In conclusion, hypoxic training may elevate the resistance of high fat diet induced obesity in rats by reducing the expression of miR-378b, and decrease the fatty acid mitochondrial oxidation in obese rat livers by decreasing the protein expression of CPT1A and increasing the protein expression ratio of FAS/CPT1A.
Introduction
Our previous studies have demonstrated that hypoxic exposure and hypoxic training reduce body weight (Huang et al., 2007; Feng and Lu, 2012; and serum lipid levels . Other studies have indicated that sea level residents lost body weight during their acute exposure to highaltitude hypoxia (Ge et al., 2010) , which induced a weight loss due approximately 2/3rds to fat loss and 1/3rd to lean mass loss (Armellini et al., 1997) . Mild physical exercise in normobaric hypoxia for eight weeks led to a significantly greater weight loss in obese persons than exercise in sham hypoxia (Netzer et al., 2008) . Moderate intermittent hypoxic training reduced body weight by increasing leptin concentration and enhancing liver leptin expression, and also prevented steatosis in liver cells (Ling et al., 2008) . Intermittent hypobaric hypoxia lowered plasma total cholesterol (TC), low density lipoprotein cholesterol (LDL-C), very low density lipoprotein cholesterol (VLDL-C), and triglyceride (TG) concentrations in coronary heart disease patients with abnormal lipid metabolism, while the high density lipoprotein cholesterol (HDL-C) level increased (Tin'kov and Aksenov, 2002) .
A major mechanism underlying physiological remodeling is the regulation of genes and their products (Schlichting and Smith, 2002) . Hypoxic exposure and hypoxic training are stressors to an organism and may cause gene expression to change, including genes related to lipid metabolism. Inbred mice exposed to more severe hypoxia (simulated altitude of 4500 m) were smaller in mass than mice exposed to less severe hypoxia. Genes were significantly differentially expressed in response to chronic hypoxia. These genes are involved in angiogenesis, glycolysis, lipid metabolism, carbohydrate metabolism, and protein amino acid phosphorylation (Baze et al., 2010) . Endurance training lessens chronic hypoxiainduced impairments in mitochondrial fatty acid oxidation mostly mediated by the activity of the long chain mitochondrial fatty acid transporter muscle carnitine palmitoyl transferase 1 (mCPT-1) rather than by mCPT-1 content (Galbès et al., 2008) . Hypoxic training for three weeks regulated the lipid metabolism by reducing the mRNA and protein expression of sterol regulatory element binding protein-1c in the obese rat liver (Wang et al., 2012) .
MicroRNAs (miRNAs) are small single strand no-coding RNAs that repress gene expression through sequence-specific hybridization to complementary target sites in the 3'-untranslated regions (3' UTRs) of mRNA (Ambros, 2004; Filipowicz et al., 2008; Bartel, 2009) . A single miRNA can simultaneously regulate the expression of multiple target genes, thereby providing a mechanism to regulate entire networks of genes. To date, miRNAs have been shown to play an integral role in numerous biological processes, including immune response, development, stem cell differentiation, and lipid metabolism. Current studies support the fact that miR-122 and miR-33 regulate cholesterol and fatty acid metabolisms (Moore et al., 2010) , and miR-370 affects lipid metabolism through the regulation of miR-122 expression (Iliopoulos et al., 2010) . In addition, miR-378/378*, miR-27, miR-103/ 107, and miR-613 participate in the regulation of lipid metabolism (Lin et al., 2009; Gerin et al., 2010b; Ou et al., 2011; Trajkovski et al., 2011) .
Training in mild hypoxia reduces body weight, lowers serum lipid concentrations, and regulates gene expression related to lipid metabolism in the liver and muscle of animals and humans. However, the underlying molecular mechanisms are still unknown. Therefore, the purpose of this study is to investigate the effects of concurrent hypoxic and endurance training on miRNA expression and lipid metabolism in obese rat livers.
Materials and methods

Animals and treatments
All procedures were approved by the Animal Care and Use Committee of the China Institute of Sport Science. Sixty male SD rats at three weeks of age were purchased from the Vital River Laboratory Animal Technology Co., Ltd., Beijing, China. All rats were housed at (22.0±0.5) °C in standard cages with a 12 h:12 h light-dark cycle. The animals were fed standard rat chow and tap water ad libitum for a week. Then rats weighing (92±6) g were separated into two groups: the control animals (C group, n=15) receiving standard rat chow (fat content: 10% of energy) and the other animals (HF group, n=45) receiving a high-fat diet (fat content: 40% of energy). The high-fat diet contained 40% carbohydrates, 40% fat, and 20% protein, in comparison to the control diet, which contained 60% carbohydrates, 10% fat, and 30% protein. The high-fat diet was designed to induce hyperphagia, resulting in a greater energy intake compared with the control diet. After 12 weeks of feeding, the HF group showed a 10% greater average weight than the C group. We selected 10 rats randomly from each group, measured body weight and length to calculate Lee's index (Lee's index= 3 body weight 1000 body length × ), and weighed the perirenal fat and epididymis fat to calculate the ratio of body fat to body weight. Lee's index, fat mass, and body fat/body weight ratio were all significantly elevated (P<0.05) in the HF group, demonstrating that an obese fat model was successfully established.
Hypoxic exercise training
The remaining obese rats exercised on a treadmill for two weeks to adapt to the training program. The training speed elevated from 16 to 25 m/min, and the exercise time increased from 20 to 60 min/d over two weeks. We selected 20 rats according to body weight and movement ability, and assigned them randomly into a normoxic sedentary group (N, n=10) or hypoxic training group (H, n=10). All 20 animals continued to be fed the high-fat diet. Rats in the N group lived in normoxic conditions (21% oxygen) without exercise, while the rats in the H group lived in a 13.6% oxygen condition (equivalent to an altitude of 3500 m), and trained for 20 m/min for 1 h a day, 6 d per week for 4 weeks. The rats were four months old at the start of the training, equivalent to that of teenagers in humans.
Sample collection
For the rats in the H group, sample collection was scheduled to be 24-36 h after the last session of exercise training to eliminate the effect of acute exercise. After an overnight fast, rats in the two groups were weighed and then anesthetized with an intraperitoneal injection of 10% chloral hydrate (0.3 ml/100 g body weight). Then body length of each rat was measured to calculate the Lee's index. Blood samples were collected from the aortaventralis, centrifuged, and kept frozen at −80 °C until chemical assays. The right lobe of the rat liver was removed, frozen in liquid nitrogen, and stored in a −80 °C freezer. The perirenal fat and epididymis fat were excised and washed in precool saline, then dried using filter paper, and weighed to calculate the ratio of body fat to body weight.
Serum lipid tests
Serum levels of fasting TC, TG, HDL-C, LDL-C, and free fatty acid (FFA) were measured using enzymatic methods with a fully automatic biochemical analyzer (BAYER ADVIA-2400).
miRNA microarray hybridization and data analysis
Total RNA samples were randomly selected, with three samples from each group (N and H groups). The quality of the total RNA was evaluated on an Agilent 2100 analyzer. miRNA microarray contained 722 rat mature miRNAs (miRBase 19.0; http://www.mirbase. org). Microarray assays were performed using a service provider (LC Sciences, Hangzhou, China). Total RNA samples (4-8 µg) were 3'-extended with a poly(A) tail using poly(A) polymerase. An oligonucleotide tag was then ligated to the poly(A) tail for later fluorescent dye staining. Hybridization was performed overnight on a µParaflo microfluidic chip using a micro-circulation pump (Atactic Technologies, Houston, TX, USA). On the microfluidic chip, each detection probe consisted of a chemically modified nucleotide coding segment complementary to the target miRNA and a spacer segment of polyethylene glycol to extend the coding segment away from the substrate. The detection probes were made by in situ synthesis using photogenerated reagent (PGR) chemistry. The hybridization melting temperatures were balanced by chemical modifications of the detection probes. Hybridization used 100 µl 6× SSPE buffer (0.90 mol/L NaCl, 60 mmol/L Na 2 HPO 4 , 6 mmol/L ethylenediaminetetraacetic acid (EDTA); pH 6.8) containing 25% formamide at 34 °C. After RNA hybridization, tag-conjugating Cy3 dye was circulated through the microfluidic chip for dye staining. Fluorescence images were collected using a laser scanner (GenePix 4000B, Molecular Device) and digitized using the Array-Pro image analysis software (Media Cybernetics, Rockville, MD, USA). Data were analyzed by first subtracting the background and then normalizing the signals using a LOWESS filter (Locally-weighted Regression).
If the intensity of miRNA in one of the six samples (three controls and three hypoxic training samples) was >32, the miRNA was considered detectable (Chen et al., 2012) . Significance analysis of microarrays was performed to identify the significantly altered miRNA. The miRNA with an absolute fold change (H/C group) >1.5 and P<0.05 was considered significantly different.
Total RNA isolation and reverse transcription (RT)
Total RNA was isolated from 16 samples of the two groups (8 samples were randomly selected from each group) using TRIZOL according to the manufacturer's instructions. Light absorption values were read at 230, 260, and 280 nm using spectrophotometry to determine purity and density. Agarose gel electrophoresis was tested using a 28S:18S ratio to determine the purity and integrity of the total RNA sample.
An AMV first strand cDNA synthesis kit (ABI) was used for miRNA RT. Briefly, 5 µl of total RNAs were reverse-transcribed with 1 µl of miR-378b specific reverse-transcribe primer (miR-378b RT for detection of miR-378b; Table 1 ) or random primers p(dN) 6 (for detection of mRNA) in 0.2 ml reaction volume. The cDNA was then stored at −20 °C until further analysis.
Real-time polymerase chain reaction (PCR)
SYBR Green real-time PCR assays were performed to detect the relative amount of miR-378b, peroxisome proliferator activated receptor α (PPARα), fatty acid synthetase (FAS), and carnitine palmitoyl transferase 1A (CPT1A) in 0.2 ml PCR reactions, containing 1 µl RT products, 10 µl SYBR Green qPCR Master Mix, and 0.5 µmol/L forward/reverse primers. Real-time PCR was performed using the LightCycler480 Software Setup (Roche, Basel, Switzerland). The reaction was incubated at 95 °C for 2 min, followed by 40 cycles of 10 s at 95 °C and 40 s at 60 °C. The relative expression of miRNA was normalized with U6, and the relative expression of mRNA was normalized with β-actin. Primers were designed for real-time PCR using the Primer Premier 5.0. The sequences of the forward and reverse primers used to quantify mRNA are shown in the Table 1. The PCR assays were performed according to the user's manual. Fluorescent emission data were captured and levels of miRNA and mRNA were quantified using the critical threshold (C T ) value. The expression was quantitated based on the following formula: F=2 −∆∆C T , where N) ), where C T (t, H) and C T (t, N) are the mean of the target gene in the H and N groups, respectively, and C T (h, H) and C T (h, N) are the mean of the housekeeping gene in the H and N groups, respectively.
Protein expression levels detected by enzymelinked immunosorbent assay (ELISA)
Total protein was extracted from 16 samples in the two groups (8 samples were randomly selected from each group) using the tissue or cell total protein extraction kit (Sangon Biotech, Shanghai, China) according to the manufacturer's instructions. Total protein content of each sample was measured to determine the quantity. Then each sample was adjusted by diluent to have an equal total protein concentration. The protein expression levels of PPARα, FAS, and CPT1A were detected by ELISA. The diluted standards, samples, and second horseradish peroxidase (HRP)-conjugated antibody were added into ELISA plates, incubated 37 °C for 60 min, and washed to remove unbound substance. Then the chromogenic solution was added and kept at 37 °C for 15 min in the dark. Finally, the stop solution was added to the stop reaction. Absorbance of each well was measured, the linear regression equation of the standard curve was calculated from the concentration and the optical density (OD) value of the standards, and the concentrations of samples were calculated from the linear regression equation and their OD values.
Statistical analysis
Quantitative data were expressed as mean± standard deviation (SD). Data analysis was performed with an IBM SPSS statistical software version 19.0. Experimental results were analyzed by an independent samples t test. The criterion for significance was P<0.05, and for high significance was P<0.01.
Results
Body weight and fat mass
The body weight, Lee's index, fat mass, and fat mass to body weight ratio in the H group were all significantly lower than those in the N group (P<0.01). The body length between the two groups had no significant differences (P>0.05; Fig. 1 ). 
Serum TC and HDL-C
Serum TC and HDL-C levels were significantly lower in the H group than in the N group (P<0.01), serum TG and FFA levels were higher and the LDL-C level was lower in the H group than in the N group, while the difference between the two groups showed no statistical significance (P>0.05; Fig. 2 ).
miRNA expression in the liver
The expression levels of miRNAs were determined using a criterion of fold change >1.5 and P<0.05. miRNA microarray results showed that fold changes of the expression levels of 22 miRNAs in 722 mature miRNAs were >1.5 between the two groups, in which the expression levels of 8 miRNAs were (n=10) lower and 14 miRNAs were higher in the H group than in the N group. The expression levels of 6 miRNAs were significantly different (P<0.05) between the two groups, among which the miR-378b expression level was significantly lower and the others were significantly higher in the H group than in the N group (Table 2) .
Verification of miR-378b expression and mRNA levels of PPARα, FAS, and CPT1A in the liver
miR-378 had been demonstrated to participate in lipid metabolism, and its expression was verified by a real-time PCR. The results showed that the miR-378b expression level in the liver of the H group was significantly lower (P<0.05) than that in the N group (Fig. 3) , which was in accordance with the results of the miRNA microarray.
The mRNA expression levels of PPARα, FAS, and CPT1A in the H group were all higher than those in the N group, none of the differences reached statistical significance, while the ratio of FAS/CPT1A was significantly lower (P<0.05) in the H group than in the N group (Fig. 3) . Six significantly different-expression miRNAs were miR-378b, 142-5p, 494-3p, 668, 29b-3p, and 100-5p. Only the miR-378b was significantly lower in the H group than in the N group, and the others were all higher. Values are expressed as mean±SD (n=3 
Effects of hypoxic exercise training on protein levels of PPARα, FAS, and CPT1A
The protein expression levels of PPARα and FAS in the H group were respectively lower and higher than those in the N group, but none of the differences showed statistical significance (P>0.05), while the CPT1A expression was significantly lower (P<0.01) in the H group than in the N group. The ratio of FAS and CPT1A protein levels was significantly higher (P<0.01) in the H group than in the N group (Fig. 4) .
Discussion
Lipid metabolism in the liver is very complex, which involves the synthesis and secretion of VLDL-C, and high rates of fatty acid synthesis and oxidation.
In this study, body weight, Lee's index, fat mass, and the fat mass to body weight ratio in the H group rats were all significantly lower than those in the N group, which was consistent with previous studies (Armellini et al., 1997; Netzer et al., 2008; Lippl et al., 2010) . Armellini et al. (1997) thought that the reduction in energy intake may contribute to weight loss in individuals undergoing high altitude training. Lippl et al. (2010) found that the body weight of obese men was significantly lower at a 2650 m altitude for 7 d, which may be due to a significantly higher resting metabolic rate and leptin level. Our research demonstrated that hypoxic exercise training reduced body fat, suggesting that exercise training in hypoxic conditions may reduce body fat by increasing fatty acid utilization in obese rats.
Changes in serum lipid levels could be due to several reasons. Firstly, the fat mobilization was reduced due to hypoxia over time, so the serum levels of lipids were lower at the point of measurement. Secondly, the increased catecholamine levels during hypoxia led to reduced lipolysis and a depot of intracellular fat (Richalet et al., 1988; Strobel et al., 1996) . In our current study, serum TC levels were significantly lower, and LDL-C levels tended to be lower in the H group than in the N group, indicating that hypoxic exercise training may lower hypercholesterolemia. Combining with our findings that hypoxic exercise can decrease body fat and the TG and FFA showed little non-statistically significant elevation, we concluded that endurance exercise in hypoxic conditions increased the body's energy expenditure, especially through fat oxidation. This could lead to an increase in fat mobilization, accelerate the TG and FFA release into the blood, improve fat utilization in other tissues, and eventually reduce the body fat and body weight. miRNAs are key regulators at the posttranscriptional level of gene expression through binding to the 3' UTR of their target genes (Bartel, 2009 (n=8) genes (Friedman et al., 2009) , and have been shown to participate in the regulation of almost every cellular process, including lipid metabolism. Previous studies indicated that inhibition of miR-122 in vivo lowered serum TC and TG levels, and reduced gene expression of fatty acid and cholesterol syntheses (Krützfeldt et al., 2005; Esau et al., 2006; Elmén et al., 2008) . Iliopoulos et al. (2010) reported that miR-370 could regulate the expression of miR-122 and CPT1α to change lipid metabolism. miR-33 contributes to the regulation of cholesterol homeostasis by inhibiting cholesterol export and fatty acid oxidation (Gerin et al., 2010a; Najafi-Shoushtari et al., 2010; , and inhibition of miR-33 raises plasma HDL, lowers VLDL TGs, and promotes reverse cholesterol transport (Rayner et al., 2011a; 2011b) . miR-378 and miR-378* are encoded by the first intron of a peroxisome proliferator-activated receptor-γ coactivator-1β (PGC-1β) gene and coexpressed with PGC-1β (Eichner et al., 2010) . miR-378, miR-378*, and PGC-1β are up-regulated in the liver responding to a higher fat diet. Deletion of miR-378 and miR-378* can result in resistance to a high-fat-diet induced obesity and exhibit increased energy expenditure and mitochondrial oxidative capacity in mice (Carrer et al., 2012; Ishida et al., 2013) . The significant reduction in miR-378b in our study indicates that miR-378b may be a key miRNA that regulates lipid metabolism in a rat liver. This study demonstrated that hypoxic training can enhance the ability of resisting a high fat diet and increase energy expenditure and fatty acid oxidation through decreasing the expression of miR-378b in rat livers.
Previous studies supported that overexpression of miRNA378/378* may up-regulate a series of lipogenic genes levels through increasing expression of PPARγ2, and then increase the size of the lipid droplets and the production of TG (Gerin et al., 2010b) . However, knock-down of miRNA378 and/or miRNA378* decreases accumulation of TG. Our results indicated that the protein level of CPT1A was significantly lower in the H group than in the N group, while the protein expression ratio of FAS/CPT1A was significantly higher in the H group than in the N group. Our previous study found that the CPT-1 mRNA level was significantly increased in gastrocnemius of obese rats after hypoxic training for four weeks . These findings suggest that hypoxic exercise training decreased fatty acid oxidation in the liver by reducing the CPT1A protein expression and enhancing the protein expression ratio of FAS/CPT1A, while increasing the fatty acid oxidation in gastrocnemius by increasing the CPT1A mRNA level. Skeletal muscle of rats during hypoxia training consumed more energy produced by fatty acid; while the liver is the major organ producing fatty acid, fatty acid oxidation in the liver was lower by decreasing the CPT1A protein level, which supplied more fatty acid to other organs. The fatty acid produced in the liver was utilized by muscle, which is the possible mechanism of hypoxic training lowering body fat and body weight.
In summary, hypoxic exercise training for four weeks reduced body weight, fat mass, and serum TC concentrations in obese rats. Hypoxic training may elevate the resistance of a high-fat-diet induced obesity in the rats by reducing the expression of miR-378b, and decrease the ability of fatty acid mitochondrial oxidation in the obese rat liver by decreasing the protein expression of CPT1A and increasing the protein expression ratio of FAS/CPT1A.
Limitations
In this paper, the limitation noted is a lack of any study on the target genes of miR-378b. The next plan is to predict the target genes of miR-378b and detect their expression levels, then to verify the relationship between miR-378b and the different expression genes using the method of luciferase reporter gene, to find out the molecular mechanism of hypoxic training in regulating lipid metabolism by miR-378b in the liver.
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